Introduction
Trhe titration curve for the expressed juice of etiolated wheat seedlings has a pronounced inflection above pH 8.0 ( fig. 4) , which does not occur in the curve for fully green seedlings ( fig. 5 ). An The characteristic inflection in the etiolated-seedling curve seemed due to some buffer present in maximum concentration in the absence of chlorophyll, and the change in the form of the curve during the period of seedling developinent appeared to be caused by a progressive diminution in the amount of this buffer as assimilation processes became established.
The object of the present investigation was to identify this buffer, and to determine whether the titration curves of etiolated and of green wheat seedlings could be reproduced by varying its concentration in chemical mixtures containing it in combination with other buffer compounds known to occur in plant juices. Material The etiolated seedlings from which juice was obtained for the representative titration curve in fig. 4 were of the variety White Odessa, grown in the darkness in pure wA-hite sand without nutrients at a temperature of 180 C. The plants were eight days old and about 8 cm. high at the time of cutting, with the first leaf just emerging from the coleoptile.
The green seedlings, from which the juice was obtained for the representative titration curve in fig. 5 , were of the same variety, grown in soil under normal greenhouse conditions, at approximately the same temperature. The plants were cut eight days after their emergence from the soil. They were 8-10 cm. tall, with one fully expanded leaf.
obtained a week or two later when the products of assimilation reach an equilibrium concentration and the form of the curve becomes that characteristic of the plant for the remainder of the growth period (26) . The curve in fig. 5 was chosen as representative of this final stage, although some variation, apparently due largely to the decreasing water content of the plants, occurs in later stages (26) . Age was not a factor in the shape of the etiolated-seedling curve, which remained essentially unchanged throughout the limited period in which the plants could grow in darkness. However, seedlings younger than five days were not investigated in this connection.
While varietal differences and environmental factors such as temperature and water supply were found to affect the steepness of the titration curve, they did not change essentially the characteristic form associated with etiolation, nor that associated with normal assimilation, as long as growth was normally vigorous. If, however, the plants were not healthy, their condition was reflected in the titration curve. In the case of etiolated seedlings having weak, scraggly growth and poorly developed root systems, the characteristic inflection above pH 8.0 was less pronounced. In the case of green plants, lack of vigor was associated with greatly increased buffer capacity.
The titration values for the juice of plants of the same variety, in the same stage of development, grown under the same environmental conditions, cut at the same time, and handled identically, were remarkably constant. Each of the 45 E. M. F. measurements constituting a complete titration have frequently been reproduced with duplicate samples of juice to within a few hundredths of a pH unit. This reproducibility was particularly marked in the case of etiolated seedlings, for which growth conditions were more constant than they were for plants grown in light.
Methods To obtain the juice samples, the plants, exclusive of the roots, were ground in a food chopper, and the juice expressed from the pulp by squeezing it through cheesecloth. Ten-cc. samples were titrated electrometrically at a temperature of 250 C. with twentieth normal acid and alkali. The method and equipment are described in an earlier paper (23) .
The characteristic slopes and inflections of the plotted titration curves suggested the buffers to be used in the mixtures with which the curves were imitated. To determine their proper concentration, different dilutions of stock solutions of these buffers were titrated, and the concentration of each buffer in the final mixture made equal to its concentration in that solution whose titration curve most nearly coincided with the corresponding section of the juice curve, i.e., the section over which the solute was apparently the principal buffer. Adjustment of the initial reaction of each mixture to that of the juice, approximately pH 6.00, was brought about by the addition of a small amount of N/i NaOH. Vertical displacement of the entire curve could be corrected by varying the amount of water in the mixture.
Results The characteristic inflection of the titration curve for the etiolatedseedling juice ( fig. 4) suggested the presence of an amino acid or a related compound. The location of the point of inflection near pH 8.9 indicated that the compound was probably asparagin, which has a dissociation exponent near this point (pka = 8.87 (7) ). Asparagin has been reported to be more abundant in etiolated seedlings than in corresponding seedlings grown in light, owing to its utilization in protein synthesis in assimilating plants (37) . WTASNTIEwsKi (50) has shown this relation in the case of wheat seedlings.
To determine whether asparagin was present in the juice of the etiolated wheat seedlings of the present investigation, several samples were evaporated to a thin syrup (after the heat-coagulable material had been removed by filtration) and allowed to stand for some time in a refrigerator, together with similarly prepared samples of green-seedling juice. Many asparagin crystals separated out in the etiolated-seedling preparations, whereas only potassium nitrate crystals appeared in the green-juice samples.' Their identity was confirmed by Mr. G. L. KEENAN, Microanalyst of the Food, Drug and Insecticide Administration, by means of the optical immersion method. It was concluded that the distinguishing inflection of the etiolated-seedling curve above pH 8.0 ( fig. 4 ) was due to the asparagin in the juice.
The most important buffer from the standpoint of the physiology of the plant would be one which reacts with acid and alkali at and near the hydrogen-ion concentration of the tissues. The pH values obtained (23, 24, 27) for the juice of healthy wheat plants in the vegetative stage lie within the buffer range of the inorganic phosphates (5, 11). LE CLERC (31) and others have found phosphates to be abundant in wheat seedlings. They have been reported to be important constituents of the buffer systems of a number of plant tissues (1, 12, 28, 33, 34, 35) . So it seemed probable that they are of similar importance in wheat.
Accordingly mixtures of asparagin and potassium phosphate were titrated in the first attempts to reproduce the titration curve of the etiolated-seedling juice. In (20, 28, 32, 35) . The identity of these constituents in the wheat plant has not been determined. So in order to determine whether any of the most coinmonly occurring acids would make possible the dupli- 2 In some analyses made by Dr. ALLAN D. DICKSON in this laboratory, 10 cc. of juice from etiolated seedlings were found to contain 0.18 gm. total sugar. The same quantity of juice from green seedlings contained 0.14 gm. The two analyses are not comparable, however, because the temperatures in the greenhouse when the green seedlings were grown were too high for normal growtlh. cation of the acid-titration curve of wheat juice, solutions containing malic, oxalic, citric, tartaric, and succinic acids were titrated for comparison of their curves with that of the juice. At pH 6.0, the approximate reaction of wheat juice, the organic acids are largely, or, in the case of some of them, entirely in the form of salts. So in order that their titrations should be comparable with those of wheat juice, the solutions of the different acids (M/10) were each brought to pH 6.0 by the addition of alkali, adjusted to equal volumes with distilled water, and then titrated similarly with acid. The addition of the necessary alkali and the subsequent volume adjustment with water reduced the original strength of each solution to 0.0645 M. solutions had infections below pH 3.5 and 4.0, respectively, which were never present in the curve for the juice of wheat plants of any age or condition. The citrate solution had too much buffer capacity between pH 5.0 and 6.0 as compared to that below pH 5.0, and the tartrate solution had too little. Figure 2 shows that although the curve for malates closely resembled that of wheat juice, a combination of citrate and tartrate, in the ratio of two parts of the citrate to three parts of the tartrate solution, gave a curve even more similar to that of the juice. A combination of malate, citrate, and tartrate could be made that would give similar values. Sodium malate alone, however, was chosen for inclusion in the buffer mixture.
A relatively concentrated solution was made by adding enough N/1 NaOH (19.75 cc.) to 10 In figf. 3 is showin tile effect of this addition of malate o01 the acid titration values of the plhospliate-asparagin-glucose mixture whose alkali-titratioln curve is given in fig. 1 (d) . Asparagin has very little buffering, power against acid, but the combined buffering of the asparagin aiid the phosphate in the mnixture was eniougrih to compensate for the slight deficieincy in that of the malate alone between pH 5.5 and 6.0 and below pH 3.5.
The titration curve of the etiolated-seedling juice was inow duplicated over its entire range wNith a mixture of phosphate, asparagiin, glucose, and sodium malate (fig. 4) . The exact composition of the mixture (A) is given in table I on p. 317.
The slight vertical displacement of the synthetic curve as comipared to the juice curve-upward over the range of the acid titrationi and downward over that of the alkali titration,-is due to a difference in dilution. The constituent buffers were all slightly more concentrated in the mixture than they were in this particular sample of juice. The .difference was of no greater magnitude, however, than occurs naturally between curves for different samples of juice, so the slight discrepancy was not corrected. In accordance with this difference, all subsequent mixtures were made to have a uniformly higher buffer capacity than the corresponding juices. The titration curve for green seedlings differs from that of etiolated seedlings in not having the inflection above pH 8.0 and in having considerably increased buffer capacity over the acid range below pH 6.0 ( fig.  5 ). These differences suggested that in order to reproduce it, the quantity of asparagin used in duplicating the etiolated-seedling curve should be decreased, and that of the sodium malate increased.
It was found that the acid-titration values of the green-seedling juice could be reproduced simply by increasing the concentration of sodium malate in the buffer mixture ( fig. 3) . The concentration of malate in the etiolated-seedling mixture, A, was but 0.013 M, as compared to 0.045 M in the green-seedling mixture, B. So the greater buffering of the juice of the juice between pH 7.5 and 8.5-over which region neither potassium phosphate nor leucin had much buffer capacity. The best reproduction of the green-seedling curve obtained is shown in fig. 5 , and the exact composition of the buffer mixture (B) is given in table I. The imitation is not perfect, but it is as close an approximation as could be expected with so simple a mixture, lacking as it does a number of the constituents of the wheat plant which react with alkali and acid, such as cholin, betain, and such amiino acids as histidin and arginin (13, 43, 51) . However, these compounds may not be present in the juice in sufficient amounts to affect appreciably the form of the titration curve. Table I gives also the composition of a mixture (C) with which the curve typical of normal seedlings just emerging from the ground was reproduced ( fig. 6 ). This mixture contained less asparagin and more sodium malate than did the etiolated-seedling mixture, A, but more asparagin and less sodium malate than did the green-seedling mixture, B. As previously noted (26), the curve for emergent seedlings evidently represents a stage of development when the concentration of the principal buffers is intermediate between that of etiolated and of fully green seedlings.
The titration values of the three buffer mixtures, A, B, and C, are given in table II, together with the values for the corresponding juice titrations. The mixtures show in each case slightly higher buffering over both the acid and alkaline ranges than do the corresponding juice samples. Since the difference is about the same over both ranges,-the synthetic alkali curves falling below and the synthetic acid curves above the juice curves,-the titration values could be brought in still closer agreement by diluting the mixtures with a little water. However, as stated previously, there seemed no object in exactly superiniposiiicg the cuIrves iniasiimticih as different saimples of juice differ even more widely in this respect. (28, 33, 35, 53) . However, an exception appears in the case of potato juice, in which COHN, GRoss, and JOHNSON (12) found that tuberin has considerable buffer capacity over the range "acid to pH 4.5 and alkaline to pH 8.5 ."4
PLANT PHYSIOLOGY
The significance of titration values in plant juice studies In a non-acid juice the organic acids are largely in the form of salts which do not react with alkali. Figure 2 shows that there can be very little titratable acid at reactions above pH 5.5 in the case of oxalic and tartaric acids, above pH 6.0 in the case of malic, above pH 6.5 in suceinic, and above pH 7.0 in citric acid. WILLAMAN (52) has stated that titration data on plant juices have little significance since "the acids occur as salts to a considerable degree and the titration gives no idea of the absolute quantity of acids present." Only when the initial reaction of a juice is well within the range of reactivity of the organic acids and their acid salts with alkali, as in the case of such plants as Begonia (40), the acid succulents (20) , and many fruits, does the usual titration with alkali to pH 7.0 or 8.3 include any appreciable amount of the organic-acid compounds present. HEMPEL (20) and LEUTHARDT (32) have shown the quantitative relation between the initial reaction of a plant juice and the amount of free acid which is present, the percentage at any given reaction depending on the nature of the constituent acids. HAYNES and BROWN (19) apply this relation in estimating the salt content of apples from the titration and pH values of their juice.
Titration of a non-acid juice may often be an accurate measure of the phosphates, whose major zone of reactivity is between pH 5.5 and 8.0. MARTIN (33, 34) has shown a quantitative agreement between the concentration of phosphate in the tissues of the sunflower and the buffer values of the juice between pH 5.2 and 8.0. TEARLE'S data (48) also show a relation between the degree of buffering of wheat juice over the phosphate range and the actual phosphate content of the juice.
If pH 8.3 be taken as the end-point, titration includes also a trace of such compounds as asparagin. In order, therefore, to determine quantitatively the concentration of any constituent in the juice by titration, consideration must be given to the pH limits of its zone of reactivity and to those of other substances whose reaction ranges might overlap this zone. Otherwise, the so-called "total acidity" measurement becomes merely a measure of total buffer capacity between specified pH limits, as is generally says in a private communication: "There is, of course, combination of tuberin with acid and base over the physiological range, but in the case of this protein, as of most others, the largest number of reactive groups appear to have dissociation constants in the neighborhood of pH 3.3 and pH 9.7.... The titration curve suggests that tuberin is no exception to the general rule. Roughly, to pass from pH 4.5 to 8.5 required four parts of alkali, whereas to go from pH 8.5 to 10.5 required eight parts, and from pH 2.5 to 4.5 something over ten parts. In the case of the potato juice as a whole buffering is, of course, in part due to this protein, and in part to the phosphates and other weak acids that may be present." recognized. It is not surprising that these determinations have been so frequently found to bear no consistent relation to the corresponding hydrogen-ion concentrations in plant juices (16, 26) .
HEMPEL (20) has called attention to the fact that when aluminum salts of the organic acids are present, such as the aluminum malate in succulents, titration with alkali between pH 6.8 and 9.2 is complicated by the precipitation of the insoluble aluminum hydroxide. She thus explained the greater amount of alkali required to titrate the juice to pH 9.2 as compared to that required to bring it to pH 6.8. She has concluded that the presence of unknown substances "renders titration of plant juices to the phenolphthalein end-point uncertain or valueless."
Comparison of the points of inflection and characteristic buffer zones of the plotted titration curve of a plant juice with those of known buffer compounds may afford a means of identifying these constituents in the plant. The possibility of utilizing the characteristics of the curves of the common plant acids to identify them in mixtures is suggested by the work of AUERBACH and SMOLCZYK (4) and TXUFEL and WAGNER (47) .
LEUTHARDT (32) lhas shown that the characteristics of the titration curves of apples, grapes, lemons, and tomatoes are in agreement with the nature of the constituent acids as determined by chemical analysis. He concludes, however, that when a buffer mixture contains more than one acid, it is generally impossible to identify the acids from the titration curve alone.
TAGUE (46) showed the value of the titration method in the identification and quantitative estimation of amino acids. Subsequently HARRIS (18) , HIRSCH (21) , and TAUFEL and WAGNER (47) studied the titration curves of protein degradation products and pointed out their value in analyzing these compounds in mixtures. LEUTHARDT (32) attributed the point of inflection at pH 10.4 in the curve for Mesembryanthemum juice to the amide, glutamin, the presence of which he proved by chemical analysis. Similarly, asparagin has been identified in the juice of the etiolated wheat seedlings of the present investigation.
Several investigators have called attention to similarities between the form of some region of the titration curve of a plant juice and that of a known solution containing substances occurring in the juice. Thus HOAG-LAND and DAVIS (22) pointed out the resemblance of the titration curve of Nitella sap between pH 5.2 and 8.0 to the corresponding region of a curve obtained with a mixture of the inorganic salts, including phosphates, that were found to occur in the sap. YOUDEN and DENNY (53) noted that the titration curve of apple juice was like that of a mixture containing its acid constituent, malic acid, and sodium malate. They also compared the curve for a mixture of organic acids with the curve for potato juice.
Titration values are now finding anotlher use in quantitative estimations of buffer constituents of plant juices through comparisons of so-called buffer-index values. The slope of the tangent to the titration curve is a measure of the buffering power of the juice at any given point on the curve, and varies with the conicentration of the substance being titrated. The buffer index constitutes a measure of the slope of the line connecting the two points on the titration curve which limit the region under consideration, or, the slope of the tangent at the intermediate point. The original unit, suggested by KOPPEL and SPIRO (29) , is the amount of alkali or acid required to produce a unit change in the pH value of a solution, corrected for the amount required to produce the same change in the solvent alone. VAN SLYKE'S unit (49) Asparagin.-Asparagin has frequently been reported to occur in wlheat (9, 13, 14, 41a, 43, 44, 50) . It is known to occur in greater amount in etiolated than in the green seedlings of many plants (37) including wheat (50) and other cereals (2, 8, 41, 45 fig. 2 ). There is no trace of such an inflection in the curve for wheat juice. The titration curve of sodium malate is so similar to that of the juice over the acid range that it suggests that salts of this acid are the most abundant. However, fig. 2 shows that a similar curve is obtained with a combination of citrates and tartrates. It is apparent that a coimbination of malates, citrates, and tartrates would give practically the same curve. As LEU7THARDT (32, p. 30) has pointed out, it is probably impossible to identify with certainty the constituents in suchi a mixture by titration. However, it is obvious that salts of such acids as oxalic and succinic. having characteristically inflected curves, are not present in wiheat in sufficient amounts to affect its titration values.
There is but little information available on the quantitative effects of etiolation on the acidity of any plant. Most investigators (3, 17, 30, 38, 42) who lhave worked on this problem have used titration methods which are uncertain for the present purpose, owing to the fact that phosphates anid perhaps other buffers were included in the titrations. BASSALIK (6), however. has determined by quantitative analysis that etiolated plants of Rutniex, Oxalis and Begonia contain less oxalic acid than do corresponding plants growin in the light. This finding is consistent with the fact that abouit three times as much sodium malate w-as required for the reproduction of the green-seedling curve of wheat as was used in duplicating the etiolated-seedliing curve.
No data lhave been publislhed, apparently. on changes in organic-acid content wiith seedling development. The progressive increase in the acidcombining powNer of the juice over the organic-acid buffes range during this period was reproduced by increasing the amount of sodium malate in the buffer micxture, surggestiing, the occurrence of a corresponding irnerease in such a buffer in the tissues as the yoing seedlings develop from the partially etiolated condition wlich characterizes them at emergence. Thus all the evidence of the titration curves is in agreement with BASSALIK'S (6) report anid with ASTRUC'S (3) general conclusion that the formation of organic acids is greater in greeni tissues than in those without chlorophyll.
PhoSphateS.-ANDRE (2) 3.5 and pH 4.0, respectively, in the oxalate and succinate curves, giving rise to characteristic inflections which do not occur in the titration curves of wheat juice, is believed to preclude the presence of these salts in wheat juice in sufficient amount to affect the titration values. 5 . Glucose supplied the requisite buffer capacity of the etiolated-seedling juice above pH 9.5. In the case of green seedlings, both leucin and glucose were used in reproducing the titration curve over this region because the requisite amount of glucose alone was so much greater than that found in the juice. The glucose was considered to be representative of all the soluble carbohydrates of the juice which react with alkali above pH 9.5.
6. The most pronounced changes in the buffer system of the wheat plant during the period of seedling development seem, from the evidence presented in this paper, to be due to a reduction in asparagin content and an increase in an organic-acid constituent as assimilation processes become established in the young plant.
